Introduction
Resistance of tumour cells to chemo-or radiotherapy remains an important obstacle to the successful treatment of human cancer. Several processes are involved in the acquisition of this resistance. One of them is hypoxia. Reduced drug delivery to hypoxic cells for chemotherapy as well as intrinsic radioresistance are contributing factors. Hypoxia develops in most solid tumours as a result of inefficient vascular development and/or of abnormal vascular architecture (Jain, 2003) . It elicits cellular responses designed to improve cell survival mainly through the activation of one hypoxia-specific transcription factor HIF-1 (hypoxia-inducible factor-1) (Hopfl et al., 2004; Semenza, 2003) . HIF-1 leads to neoangiogenesis promotion, enhanced glycolytic flux for oxygen-independent energy production and upregulation of molecules related to cell survival. HIF-1 is a heterodimer consisting of two subunits: HIF-1␣, which is tightly regulated by oxygen levels and ARNT (aryl hydrocarbon receptor nuclear translocator), which is constitutively expressed. Under normoxia, HIF-1␣ protein is kept at low level, usually undetectable, by continuous degradation via the 26S proteasome. A class of prolyl hydroxylases acts as oxygen sensors and hydroxylates two proline residues (Pro402 and Pro564) on HIF-1␣ at normal levels of oxygen (Ivan et al., 2001; Jaakkola et al., 2001) . Hydroxylated HIF-1␣ is then recognized by the Von Hippel Lindau-E3 complex, ubiquitylated and hence targeted for proteasome degradation. A third site of hydroxylation, Asn803, has recently been discovered, marked by an asparagyl hydroxylase first described as FIH-1 (factor inhibiting HIF) (Mahon et al., 2001) . The hydroxylation of this residue leads to a stearic inhibition of the interaction between HIF-1␣ and the coactivators CBP/p300 interfering with its recruitment (Lando et al., 2002) . This process is thought to ensure that HIF-1␣ escaping degradation remains inactive. In the absence of oxygen, degradation of HIF-1␣ and the hydroxylation of Asn83 no longer occur. HIF-1␣ dimerizes with ARNT and HIF-1 binds to HRE (hypoxia-responsive element) located in the promoter or enhancer of target genes thereby activating their expression (Wenger, 2002; Semenza, 2000) .
A second mechanism responsible for tumour cell resistance to cell death is the loss of p53. Indeed, p53 is the most commonly mutated tumour suppressor in human cancer (Hollstein et al., 1991) . p53 has multiple functions including cell-cycle control in response to DNA damage, induction of apoptosis and DNA repair (Harris, 1996; Levine, 1997) . p53 acts as a sequence-specific DNA-binding protein, which activates the transcription of target genes. The cyclindependent kinase inhibitor, p21
waf-1 , appears to be the major effector of p53-mediated cell-cycle arrest (Brugarolas et al., 1995; Waldman et al., 1995) whereas the transcriptional induction of Bax largely contributes to p53-mediated cell death (Miyashita et al., 1994) . The activity of p53 is maintained at a low level in normal cells through MDM2-mediated ubiquitylation and proteasome degradation. When DNA damage occurs, p53 becomes phosphorylated resulting in its stabilisation and activation. In addition to other stimuli of p53 HIF-1 (hypoxia-inducible factor-1) is the main transcription factor involved in the adaptation of cells to hypoxia. In addition to regulation of HIF-1␣ ␣ protein level, HIF-1 activity is also enhanced by several pathways involving asparagine hydroxylation and phosphorylation. Here, we investigated the relationship between casein kinase 2 (CK2), p53 and HIF-1. An increase in p53 protein level and transcriptional activity was observed when CK2 was inhibited by different inhibitors under normoxia and hypoxia. This increase was in parallel with a decrease in HIF-1 activity without changes in HIF-1␣ ␣ protein level, indicating a regulation of its transcriptional activity. Similar results were obtained using CK2␣ ␣ siRNA. Ectopic overexpression of p53 also led to an inhibition of HIF-1 activity. Conversely, CK2 inhibition had no effect in p53-null cells indicating that the inhibitory effect of CK2 inhibitors requires the presence of p53. p53 activity was not required because overexpression of a p53 mutated in its DNA-binding domain exerted the same effect as wild-type p53 and because the effect of CK2 inhibitors was still observed when p53 activity was inhibited by pifithrin-␣ ␣. Since CK2 activity is increased in hypoxic conditions, this process provides one more mechanism to ensure enhanced HIF-1 activity under such conditions. activation, it has been proposed that hypoxia stabilises p53 (Giaccia and Kastan, 1998; Hammond et al., 2002; Koumenis et al., 2001) . Hypoxic induction of p53 requires concomitant induction of HIF-1␣, whereby HIF-1␣ can then bind to and stabilise p53 Blagosklonny et al., 1998) . Recent work by Chen et al. (Chen et al., 2003) suggests that MDM2 acts as a bridge between both proteins with parallel protection of MDM2-mediated p53 degradation but enhanced HIF-1␣ destruction. Direct interaction between the two proteins has been also demonstrated (Hansson et al., 2002) . In addition to provoking HIF-1␣ degradation, p53 also represses the transcriptional activity of HIF-1 (Ravi et al., 2000) probably through competition for the shared co-activator p300 . As well as to the well-known benefit regarding the inhibition of apoptosis, loss of p53 would thus lead to enhanced HIF-1 activity, hence promoting tumour growth and neoangiogenesis (Ravi et al., 2000) .
Finally, CK2 has also been observed to contribute to enhanced tumour cell viability. CK2 protein kinase, formerly known as casein kinase 2, is a constitutive serine/threonine kinase. It is found in tetrameric complexes comprising two catalytic (␣ and/or ␣Ј) subunits and two regulatory ␤ subunits. Accumulated evidence indicates that CK2 has a vast array of candidate physiological substrates and participates in a variety of cellular functions including the maintenance of cell viability (for reviews, see Ahmed et al., 2002; Litchfield, 2003) . The regulation of its activity is poorly understood. Regulation of the subcellular localisation of the different subunits seems to be important but the actual physiological relevance remains to be determined. CK2 was thought to be messenger independent but this knowledge is now challenged by recent data. In most human cancers that have examined, as well as experimental tumours, CK2 activity is consistently enhanced (Faust et al., 1999; Landesman-Bollag et al., 2001; Munstermann et al., 1990) . This upregulation of CK2 in tumours suggests a role for CK2 in cell growth promotion and/or as an anti-apoptotic protein.
Interestingly, CK2 has been shown to phosphorylate p53, regulating several of its functions, either positively (McKendrick et al., 1999) or negatively (Yap et al., 2004) . On the other hand, CK2 is also part of the COP9 signalosome (CSN). CSN is a conserved protein complex that is similar to the 19S proteasome lid (for reviews, see Wei and Deng, 2003; Wolf et al., 2003) . CNS is associated with de-ubiquitylation and protein kinase activities, among which IP5/6 kinase and CK2 seem to be important. CSN can phosphorylate p53 (Ser149, Thr150, Thr155, Ser392) in vitro, with Thr155 and Ser392 probably being the ones involved in vivo. CNSmediated phosphorylation targets p53 for degradation by the ubiquitin-26S proteasome system.
Recent data from our laboratory shows that CK2 positively regulates HIF-1 transcriptional activity without affecting HIF-1␣ protein level (Mottet et al., 2005) . Moreover, CK2 activity is enhanced under hypoxic conditions. However, the mechanism of this interaction remains unclear. Since CK2 is known to affect p53 activity and p53 to decrease HIF-1 activity, we sought to determine whether p53 would be a putative necessary intermediate in the CK2-dependent regulation of HIF-1 activity. To this end, we investigated the effects of CK2 inhibitors on p53 and HIF-1␣ protein level and activity. Apigenin (Ford et Zhu et al., 2002) , DRB (5,6-Dichloro-1-␤-Dribofuranosyl-benzimidazole) (Blaydes and Hupp, 1998; Critchfield et al., 1997; Farah et al., 2003) and TBB (3,4,5,6-tetrabromo-triazole) (Ruzzene et al., 2002; Zien et al., 2003) were used as CK2-specific inhibitors. An inverse relationship was observed with decreased HIF-1 activity in parallel with increased p53 protein level and activity in the presence of these inhibitors. Overexpression of p53 and the use of p53-null cells suggest that it is indeed through an increase in p53 that CK2 inhibition diminishes HIF-1 activity. However, MDM2 inactivation did not reproduce the effect of CK2 inhibitors indicating different ways of p53 regulation by both proteins. Finally, an interaction between p53 and HIF-1 was shown by co-immunoprecipitation, which was enhanced when CK2 was inhibited.
Results
Effect of CK2 inhibitors on p53 and HIF-1 activity HIF-1 and p53 transcriptional activity can be regulated at several levels including regulation of their protein concentration, regulation via phosphorylation and of their actual activity. We first investigated the effects of three inhibitors of CK2, DRB, apigenin and TBB, on HIF-1␣ and p53 protein level under normoxia and hypoxia, in two different cell lines, HepG2 and HeLa, which both contain wild-type p53. In both cell lines, HIF-1␣ was clearly stabilised under hypoxia whereas it was not present under normoxia (Fig. 1A) . DRB had no clear effect on HIF-1␣ protein level whereas apigenin seemed to slightly decrease it in HepG2 cells. On the other hand, hypoxia induced a marked decrease in p53 protein level in both cell lines. DRB and to a lesser extent, apigenin increased p53 protein level by several fold, in a concentrationdependent manner, both under normoxia and hypoxia. TBB, a more-specific inhibitor of CK2, also led to an increased p53 protein level (Fig. 1B) . Similar results were obtained when HIF-1␣ and p53 protein level was assessed by immunofluorescence studies. Both proteins were localised in the nucleus and neither hypoxia nor CK2 inhibitors affected this subcellular localisation (data not shown). The phosphorylation status of p53 on one of the most important CK2 site (serine 392) (Blaydes and Hupp, 1998) was followed by western blotting analysis using a specific antibody. Inhibition of CK2 by DRB or apigenin decreased the phosphorylation state of p53 serine 392 (Fig. 1C) .
DNA-binding activity of both transcription factors was then measured using an in vitro DNA-binding assay. HIF-1 DNAbinding activity greatly increased under hypoxia, DRB had no effect on this activity whereas apigenin decreased HIF-1 DNA binding activity by 35% (Fig. 2A) . On the other hand, hypoxia induced a 45% decrease in p53 DNA-binding activity. DRB strongly enhanced p53 DNA binding activity under normoxia whereas both inhibitors had this effect under hypoxia (Fig. 2B) . The effects of hypoxia and of CK2 inhibitors on HIF-1 and p53 DNA binding activity were similar to those observed for HIF-1␣ and p53 protein levels.
Finally, the actual transcriptional activity of both factors was measured using a reporter system as well as by following the expression of one target gene. To this end, we studied the effects of CK2 inhibitors on activity of the luciferase reporter construct driven by six HREs derived from the EPO enhancer (Michel et al., 2002) . Transient transfection experiments CK2 activates HIF-1 by p53 downregulation confirmed induction of the HRE activity by hypoxia. DRB and apigenin strongly inhibited this activity in a concentrationdependent manner (Fig. 3A,B) . TBB has a similar effect (Mottet et al., 2005) . Very low luciferase activity was detected using pGL3 as a negative control, which was not (or only slightly) affected by CK2 inhibitors. These effects on HIF-1 activity were confirmed by following the expression of one HIF-1 target gene, aldolase (Semenza et al., 1996) , by real-time PCR. Results presented in Fig. 3C showed that hypoxia increased the level of aldolase mRNA sevenfold; this increase was inhibited by 50% in the presence of 50 M DRB and by 92% in the presence of 20 M apigenin. To test the effects of CK2 inhibitors on the activity of p53 more directly, we performed transient transfection assays with a reporter plasmid carrying 13 copies of a p53-responsive promoter driving the expression of the luciferase gene, pG13-Luc (Kern et al., 1992) . As already observed for p53 protein level, hypoxia induced a decrease in the activity of this factor (Fig. 4A ). Apigenin increased p53 activity under both normoxia and hypoxia. Similarly, hypoxia decreased by 55% the mRNA level of p21, one well-known p53 target gene (el-Deiry et al., 1993) whereas DRB increased the p21 mRNA level sevenfold under normoxia and sixfold under hypoxia (Fig. 4B) . A parallel, concentration-dependent increase in p21 protein level was observed in the presence of DRB, apigenin and TBB (Fig. 5C ).
In order to verify the specificity of action of the chemical inhibitors, inhibition of CK2 activity was also achieved through diminished expression of the ␣-catalytic subunit using siRNA. CK2␣ siRNA induced ~50% inhibition of CK2␣ expression under both normoxia and hypoxia as observed by western blotting (Fig. 5A ) or immunofluorescence (data not shown). CK2␣ mRNA level was checked by real-time RT-PCR. When normalised to mRNA levels under normoxia (100%), levels were 102% under hypoxia, 95% for cells exposed to Xtreme alone, 113% for cells exposed to the negative control siRNA and 65% for cells transfected with the CK2␣ siRNA. This decrease observed with CK2␣ siRNA had no effect on HIF-1␣ stabilisation but resulted in an increased p53 level under hypoxia (Fig. 5A ). As already observed with the inhibitors, CK2␣ expression inhibition induced a complete inhibition of the hypoxia-induced increase in HIF-1 activity (Fig. 5B ). This effect was not observed with the negative control siRNA. The level of p53 accumulation with CK2␣ siRNA was not as high as that observed when using the chemical inhibitors. This is probably because the inhibition of CK2␣ protein expression was not very high whereas the effect of the inhibitors on CK2 activity was much more important.
We therefore conclude that CK2 inhibitors inhibited HIF-1 transcriptional level without significantly affecting HIF-1␣ protein level or HIF-1 DNA-binding activity. In parallel, a marked increase in p53 protein level and transcriptional level was observed. It must be noted that p53 is not activated under these conditions of hypoxia but we observed rather decreased levels of p53. The lack of activation of p53 at this degree of hypoxia (mild hypoxia) is consistent with the observations of Kaluzova et al. (Kaluzova et al., 2004 ) and of Koumenis et al. (Koumenis et al., 2001 ).
CK2 inhibitors exert their effect on HIF-1 activity through a change in p53 level Parallel decreases in HIF-1 activity and increases in p53 protein level and activity were observed in the presence of CK2 inhibitors. Since p53 is known to inhibit HIF-1, we wished to establish if it is through p53 that CK2 inhibitors exert their effect on HIF-1 activity. First, we wanted to mirror the increase in p53 protein level and activity induced by CK2 inhibitors, by overexpressing p53 and studying its effect on HIF-1 activity. With the use of the reporter system for p53, we showed that p53 overexpression indeed led to a marked increase in p53 activity (Fig. 6B ). Under the same conditions, p53 overexpression induced a decrease in HIF-1 activity as measured by the 6HRE reporter system under hypoxia (Fig.  6A ). The reason why p53 overexpression led to an increase in the low HIF-1 activity detected under normoxia is not known. These results indicate that an increase in p53 protein level and activity, either due to direct overexpression or to CK2 inhibition, can indeed decrease HIF-1 activity.
Second, if it is really through an increase in p53 protein level that CK2 inhibition led to a decrease in HIF-1 activity, then the effects of CK2 inhibitors should not be observed in p53-null cells. To address this question, we used Hep3B cells which are also human hepatoma cells like the HepG2 cells but are p53 -/-cells (Muller et al., 1998) . HIF-1 activity was assessed using the pGL3-6HRE reporter system and by following the expression of aldolase. In Hep3B cells, hypoxia also increased the luciferase activity but in contrast to HepG2 cells, no effect of DRB or apigenin was detected on HRE-driven luciferase expression (Fig. 7A) . Similar results were obtained when quantifying the aldolase mRNA: there was a 3.3-fold increase under hypoxia, which was only very slightly affected by DRB (Fig. 7B) . Therefore, we conclude that because p53 seems to be required for HIF-1 inhibition by CK2 inhibitors, it is through an increase in p53 level that the inhibition of CK2 activity leads to an inhibition of HIF-1 activity.
p53-HIF-1 interaction
Most of the work reporting that p53 is able to inhibit HIF-1 show that this inhibition is due to a decrease in HIF-1␣ protein level through an enhanced degradation mediated by MDM2 (Ravi et al., 2000) . However, here, DRB and apigenin inhibits HIF-1 activity via p53 but without profound change in HIF-1␣ Relative aldolase mRNA levels were calculated as the ratio of aldolase expression in hypoxia-incubated cells to these in control normoxic cells, both normalised to ␣-tubulin levels. *P<0.05, **P<0.01, ***P<0.001, NS, not significant vs. normoxia; (*)P<0.05, (**)P<0.01, (***)P<0.001, (NS), not significant vs. hypoxia.
protein level (Fig. 1A) . The contribution of MDM2 has been investigated, using nutlin. Three experiments were performed to follow MDM2, p53 and HIF-1 in the presence of nutlin (Fig.  8 ). MDM2 protein level decreased under hypoxic conditions, consistent with the decrease observed in p53 protein level and activity. As MDM2 is a p53 target gene, this result suggests that the expression of MDM2 is directly related to p53 activity and if p53 protein level decreases under hypoxia because CK2 activity increases, this would explain the low p53 activity and the reduced expression of its target genes. On the other hand, when p53 is upregulated, i.e. in the presence of CK2 inhibitors, MDM2 levels also increased (in the presence of TBB after 6 hours incubation) (Fig. 8) . These results suggest again that MDM2 levels vary in parallel with (and as a consequence of) p53 activity. Nutlin at 5 M was able to increase p53 DNA-binding activity as well as its transcriptional activity measured by a reporter assay. These results were expected knowing the inhibitory effect of nutlin on MDM2 activity. However, despite its marked effect on p53, nutlin had very little or even no effect on HIF-1. Nutlin slightly decreased HIF-1␣ protein level but did not affect HIF-1 DNA-binding activity or its transcriptional activity measured by a reporter assay. These results indicate that, although both CK2 and MDM2 inhibition leads to p53 accumulation, inhibition of MDM2 does not reproduce the effect of CK2 inhibition on HIF-1 activity. It has to be noted that MDM2 inhibition markedly increased p53 transcriptional activity, which is not needed for inhibiting HIF-1 in our experimental model (see experiment in the presence of pifithrin-␣). Different forms of post-translationally modified p53 accumulating after MDM2 or CK2 inhibition might explain the different effects on HIF-1 activity.
We then sought an interaction between p53 and HIF-1␣. p53 was immunoprecipitated from cells incubated under normoxia or hypoxia, in the presence or the absence of CK2 inhibitors and the amount of HIF-1␣ co-precipitated with p53 was assessed by western blot. Results presented in Fig. 9 showed that when there was more p53 present (in the presence of the inhibitors, see lysates), there was more HIF-1␣ co-immunoprecipitated whereas the total amount of HIF-1␣ was the same (see lysates) (Fig. 9) . This was only observed under hypoxic conditions, because no HIF-1␣ could be detected by western blot in lysates from normoxic cells. These results indicate that there was more HIF-1␣ associated with p53 in the presence of CK2 inhibitors, probably because p53 is more abundant.
p53 activity is not required for downregulation of HIF-1 A transcriptionally inactive p53, mutated in its DNA binding domain retains the ability to inhibit HIF-1 transcriptional activity .
To investigate whether the HIF-1 inhibitory effect of increased p53 protein level in the presence of CK2 inhibitors requires p53 activity, we coexpressed wild-type or R175H-mutated p53 with the HRE-dependent reporter system in HepG2 cells. The R175H-mutated p53 is mutated in its DNA-binding domain, thus having no transcriptional activity and can act as a dominantnegative mutant (Kern et al., 1992) . As can be seen in Fig. 10A , wild-type p53 and the R175H-mutated p53 (DNp53) partially suppressed the HIF-1-dependent reporter activity. On the other hand, wild-type p53 was capable of increasing p53-dependent reporter activity whereas the R175H-mutated p53 completely prevented luciferase expression, as expected from its dominant-negative activity (Fig. 10B) . These results suggest that the transcriptional activity of p53 is not required to inhibit HIF-1 activity. Pifithrin-␣ was used to confirm these results. Pifithrin-␣ is a chemical inhibitor of p53, which has been identified and used both in vitro and in vivo (Komarov et al., 1999) . It reversibly inhibits p53 transcriptional activity, at least in part through an inhibition of its nuclear import (Bassi et al., 2002; Qin et al., 2002; Toillon et al., 2002) . The effect of pifithrin-␣ was first investigated on HIF-1␣ and p53 protein levels. A small decrease in HIF-1␣ protein level under hypoxia was observed in the presence of 25 but not 12.5 M pifithrin-␣ (Fig. 11A) . Pifithrin-␣ did not have profound effect on p53 protein level as tested by western blotting (Fig. 11B) , although a slight decrease in p53 protein level was observed when immunofluorescence studies were performed (data not shown). In our hands, pifithrin-␣ did not influence the nuclear localisation of p53 either in normoxia or under hypoxia (data not shown). Next, the effect of this inhibitor was studied on HIF-1 and p53 transcriptional activity. Since it also directly inhibits firefly luciferase activity (Rocha et al., 2003) , it was not possible to use this molecule in reporter systems and we investigated its effect on HIF-1 and p53 activity by following the expression of target genes, respectively aldolase and p21, by real-time PCR. Pifithrin-␣ alone did not influence aldolase mRNA level under normoxia or under hypoxia. On the other hand, DRB decreased mRNA aldolase level under hypoxia as already observed in Fig. 4 . This was further decreased in the presence of pifithrin-␣ (Fig. 11C) , indicating that the inhibitory effect of DRB (i.e. increased p53 protein level) on HIF-1 activity was still observed even if p53 activity was inhibited. That p53 activity was indeed inhibited by pifithrin-␣ was confirmed by the results of Fig. 11D where a decrease in p21 mRNA level was observed in the presence of this inhibitor. Pifithrin-␣ also strongly diminished the increase in p21 mRNA level induced by DRB, both under normoxia and hypoxia. Altogether these results indicate that p53 activity is not needed for p53 to inhibit HIF-1 transcriptional activity when its expression is increased by CK2 inhibition.
Discussion
HIF-1␣ accumulation and transactivation of HIF-1 constitute the master regulatory system to cope with conditions of reduced oxygen availability. In addition to regulation by hydroxylation, several other mechanisms are involved in positively or negatively regulating HIF-1 activity, including Journal of Cell Science 119 (16) association with Hsp90 (Isaacs et al., 2002; Minet et al., 1999) , phosphorylation (Minet et al., 2000; Mottet et al., 2003; Richard et al., 1999) , sequestration in the nucleolus by p14 ARF (Fatyol and Szalay, 2001 ) as well as co-activator recruitment (Sang et al., 2003) . Moreover, a complex relationship between HIF-1 and p53 has emerged from various works. Anoxia or severe hypoxia is one of the strongest inducers of p53 . This induction of p53 under severe hypoxia requires concomitant induction of HIF-1␣: HIF-1␣ binds to and stabilises p53 (Maxwell et al., 1997) leading to an enhanced transcriptional activity of p53 . Conversely, HIF-1 activity is inhibited either through enhanced MDM2-mediated degradation of HIF-1␣ (Carmeliet et al., 1998; Ravi et al., 2000) or through competition for a common co-activator Schmid et al., 2004) . It must however be stressed that p53 accumulation under hypoxia seems to occur at very low oxygen concentrations, near to anoxia (Pan et al., 2004; Piret et al., 2002) and that HIF-1␣ upregulation at mild hypoxia (1% O 2 ) is not sufficient for anoxic p53 induction (Kaluzova et al., 2004; Schmid et al., 2004) . However, the influence of p53 under mild hypoxia on HIF-1 activity remained unclear.
We recently showed that CK2 activity was enhanced under hypoxia and that this kinase positively regulates HIF-1 transcriptional activity without affecting HIF-1␣ protein level (Mottet et al., 2005) . However, the exact mechanism of this regulation was not known. Here, we showed that CK2 activity maintained p53 protein at a low level, because its inhibition led to an overexpression of p53, both under normoxia and hypoxia. In addition, under our experimental conditions, the p53 protein level was decreased under hypoxia in a time-dependent manner. This decrease in p53 protein level is mirrored by a decrease in its activity as observed using a reporter system and by following the expression of p21, a p53 target gene. Similar results were obtained by Pan et al. (Pan et al., 2004) , also with HepG2 cells. We propose that this decrease may be due to a higher CK2-mediated targeting for proteasome degradation, for example via the COP9 signalosome, owing to higher CK2 activity. It must be noted that Achison and Hupp (Achison and Hupp, 2003) reported a decrease in Ser392 phosphorylation of p53, that is a CK2 phosphorylation site, under conditions of mild oxygen as used here. This was observed without a change in p53 protein level and in human colorectal carcinoma HCT116 cells, which may explain the discrepancy with our results. It must also be noted that DRB at concentrations used in this work actually decreased p53 phosphorylation on Ser392. On the other hand, at higher concentrations, DRB may Relative aldolase mRNA levels were calculated as the ratio of aldolase expression in hypoxia-incubated cells to these in control normoxic cells, both normalised to ␣-tubulin levels. **P<0.01, ***P<0.001 or NS, not significant vs. normoxia; (*)P<0.05 or (NS), not significant vs. hypoxia. lead to a paradoxical increase (Blaydes and Hupp, 1998) in this phosphorylation without increasing p53 degradation. The pressure exerted on p53 by increased CK2 activity under hypoxic conditions may be the mechanism by which CK2 positively regulates HIF-1 activity. Indeed, we recently showed that CK2 activity is enhanced under hypoxia (Mottet et al., 2005) . We have summarised this hypothesis schematically in Fig. 12 , knowing that more fine-tuning will probably be involved and that further work is still needed to strengthen it. Two experimental results support this hypothesis. First, ectopic overexpression of p53 inhibited HIF-1 activity, indicating that in conditions of mild hypoxia, p53 can negatively influence HIF-1 activity with no need of a further signal. Artificial overexpression of p53 has already been reported to inhibit HIF-1 Fontanini et al., 1998) . Second, the inhibitory effect of CK2 inhibition on HIF-1 activity was not observed in p53-null cells demonstrating that this protein is a necessary intermediate between CK2 and HIF-1.
Two mechanisms have been proposed to explain HIF-1 inhibition by p53. In the first, large amounts of p53 target HIF-1␣ for degradation through MDM2-mediated ubiquitylation (Ravi et al., 2000) . This pathway is probably not involved here because no marked change in HIF-1␣ protein level was observed. On the other hand, another study demonstrated that p53 overexpression downregulates HIF-1 transcriptional activity by competition for p300 coactivator . In this study, it was reported that the transcriptionally inactive mutant p53, mutated in its DNA binding domain, retained the ability to inhibit HIF-1 transcriptional activity, whereas a double mutant in the DNA-binding domain and in the p300-interaction domain lost this inhibitory function. More recently, Schmid et al. (Schmid et al., 2004) showed that low p53 expression represses HIF-1 transactivation without affecting HIF-1␣ protein amount whereas high p53 levels lead to HIF-1␣ destruction, implying that distinct mechanisms suppress HIF-1 depending on relative p53 expression. The first effect was due to competition between p53 and HIF-1 for limiting amounts of the shared coactivator p300. HIF-1␣ and p53 bind to distinct regions of p300. The HIF-1-binding site has been localised to a region encompassing amino acids 326-410 in the CH1-domain (Arany et al., 1996) whereas a fragment comprising amino acids 1514-1922 interacts with p53 (Avantaggiati et al., 1997; Gu et al., 1997) . These observations raise the possibility that p53 and HIF-1 may bind to p300 simultaneously, leading to interference by p53 of HIF-1-p300-mediated transactivation. This could lead to co-immunoprecipitation without direct HIF-1␣-p53 interaction. Such a model is compatible with our observations (Fig. 7) showing that, despite similar amounts of HIF-1␣, more of this protein is pulled down when more p53 is present in the cells, i.e. in the presence of CK2 inhibitors. It has to be mentioned that direct interaction between p53 and HIF-1␣ has also been demonstrated (Sanchez-Puig et al., 2005) . This hypothesis is reinforced by the fact that our data showed that p53 activity was not needed to exert its HIF-1 inhibitory effect. Indeed, a mutated form of p53 no longer able to bind DNA inhibited HIF-1 activity to the same extent Journal of Cell Science 119 (16) as wild-type p53. In addition, DRB had a similar effect in the presence than in the absence of pifithrin-␣, an inhibitor of p53. This is similar to that described by Blagosklonny et al. but contrary to the results of Kaluzova et al. (Kaluzova et al., 2004) , which show that p53 activity is needed for p53 to inhibit HIF-1-mediated overexpression of carbonic anhydrase IX. However, in this case, p53 was chemically activated by DNA damage. Recent work by Fang et al. (Fang et al., 2005) shows that apigenin decreases HIF-1 activity and VEGF expression through a MDM2-p53 pathway. However, the exact mechanism by which apigenin was acting was not determined in this study.
In conclusion, these data unravel a new mechanism of hypoxia-induced activation of HIF-1, through a CK2-dependent downregulation of p53. Since CK2 is often overexpressed in human tumours, this pathway suggests a further mechanism by which tumour cells adapt to their hypoxic environmental conditions.
Materials and Methods

Cell culture
Human HepG2 hepatoma cells lines containing wild-type p53 and Hep3B (p53 null) were grown in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing respectively 1 or 4.5 g/l glucose, supplemented with 10% fetal calf serum (Invitrogen), 100 U/ml penicillin, 100 g/ml streptomycin and 50 ng/ml amphotericin B. HeLa cells (wt p53) were cultured in DHG supplemented with 10% fetal calf serum. Cells were kept at 37°C in humidified atmosphere of 5% CO 2 , 95% air. For hypoxia experiments (1% O 2 ), cells were incubated in serum-free CO 2 -independent medium (Invitrogen) supplemented with 1 mM L-glutamine (Sigma) with different concentrations of DRB (Biomol), apigenin (Sigma), TBB (Calbiochem), nutlin (Calbiochem) or pifithrin-␣ (Alexis Biochemicals).
Western blot analysis
Total cell extracts were prepared from HepG2 or HeLa cells grown to subconfluency in 25 cm 2 flasks. After incubation, cells were scraped in lysis buffer (20 mM TrisHCl pH 7.5, 150 mM KCl, 1 mM EDTA, 1% Triton X-100 (all from Merck), protease inhibitors (Complete, Boehringer/Roche) and phosphatase inhibitors (25 mM Na 2 VO 4 , 10 mM PNPP, 10 mM ␤-glycerophosphate and 5 mM NaF). The lysate was centrifuged for 5 minutes at 13,000 g at 4°C and the supernatant kept frozen. The protein concentration of each sample was determined by the Bradford method. Samples were applied to 10% NuPAGE Bis-Tris gels (Invitrogen), according to the manufacturer's instructions and then transferred to Hybond-PVDF membrane (Amersham). Membranes were blocked overnight at 4°C in TBS-T solution containing 20 mM Tris, 140 mM NaCl, 0.1% Tween 20, pH 7.6, containing 5% non-fat dry milk. Then, membranes were probed with monoclonal anti-HIF-1␣ antibody (BD Bioscience) at a final dilution 1:2000, monoclonal anti-p53 antibody (Upstate) at a final dilution 1:5000, polyclonal anti-phospho-Ser392 p53 (Cell Signaling) at a final dilution 1:5000, polyclonal anti-p21 antibody (Santa Cruz) at a final dilution 1:10,000 or monoclonal anti-MDM2 (BD Bioscience) at a final dilution 1:5000, 2 hours at room temperature. After three 15-minute washes in TBS-T with 5% non-fat dry milk, membranes were incubated for 1 hour at room temperature with HRP-conjugated secondary antibodies at a final dilution 1:50,000 and washed twice for 15 minutes in TBS-T with 5% non-fat dry milk Under hypoxia, elevated CK2 activity triggers p53 degradation, thus relieving p53 inhibition on HIF-1, leading to active HIF-1. When CK2 is inhibited, p53 is stabilized, competes with HIF-1␣ for p300, lowering HIF-1 activity.
and twice for 5 minutes in TBS-T. Proteins were visualised by ECL (Amersham) according to the manufacturer's instructions. Membranes were reprobed with ␣-tubulin antibody (Sigma, final dilution 1:50,000) for normalisation.
Co-immunoprecipitation
HepG2 cells were grown to subconfluence in 75 cm 2 flasks and incubated under normoxia or hypoxia for 5 hours before cell lysis. Cells were lysed in 1 ml co-IP lysis buffer [25 mM Tris-HCl pH 7.8, 100 mM NaCl, 1 mM EDTA, 10% glycerol (Merck), 0.2% NP-40 (Sigma), 1 mM DTT (Sigma), 1 mM PMSF (Sigma), 5 mM NaF (Merck), 1 mM NaMoO 4 (Sigma) and 60 M MG132 (Biomol)]. An aliquot of 50 l was kept for assessing the protein level of p53 and HIF-1␣ in the cell extracts. Lysates were incubated for 2 hours at 4°C with 2.5 g polyclonal antip53 antibody (Santa Cruz), then 2 hours at 4°C with 50 l anti-Myc agarose beads (BD bioscience). The beads were washed three times with 800 l of the co-IP lysis buffer, after which the associated proteins were recovered by incubated the beads in Laemmli buffer 10 minutes at 100°C. Samples were resolved on 10% NuPAGE Bis-Tris gels (Invitrogen) and western blots for p53 and HIF-1␣ were performed.
Preparation of nuclear extracts
HeLa cells were grown to subconfluence in 75 cm 2 flasks and incubated under normoxia or hypoxia for 5 hours before cell lysis. Cells were washed with ice-cold PBS containing 1 mM Na 2 MoO 4 , and 5 mM NaF. Then, cells were incubated for 3 minutes with ice-cold hypotonic buffer (HB) containing 20 mM HEPES pH 7.9, 5 mM NaF, 1 mM Na 2 MoO 4 and 0.1 mM EDTA. Cells were harvested in lysis buffer containing HB, supplemented with 5% NP-40 (Sigma). Lysates were centrifuged for 30 seconds at 13,000 g and supernatants were discarded. Pellets were dissolved in 50 l resuspension buffer, composed of HB supplemented with 20% glycerol and protease inhibitors (Complete, Roche) and phosphatase inhibitors (25 mM Na 2 VO 4 , 10 mM PNPP, 10 mM ␤-glycerophosphate and 5 mM NaF). Then, 50 l salt buffer, composed of RE buffer, supplemented with 400 mM NaCl, were added. Samples were placed at 4°C for 30 minutes under gently rotation for nuclear protein extraction. Then, samples were centrifuged for 10 minutes at 13,000 g at 4°C and supernatants were stored at -70°C.
Colorimetric assay for HIF-1 or p53 DNA binding HIF-1 or p53 DNA binding activity was measured using a colorimetric assay (Trans-AM) developed in our laboratory (Renard et al., 2001 ) and sold by Active Motif. Assays were performed according to the manufacturer's instructions.
Transient transfection and luciferase activity measurement
To assay the transcriptional activity of HIF-1, the pGL3-SV40/6HRE reporter vector containing an artificial promoter with TATA box and six copies of the erythropoietin HRE cis-element upstream of the firefly luciferase gene was used (Michel et al., 2002) . p53 activity was assessed using a reporter plasmid carrying 13 copies of a p53-responsive promoter driving the expression of the luciferase gene, pG13-Luc (Kern et al., 1992) . pGL3-SV40 (Promega) was used as the negative control. HepG2 transfection was performed in a 24-well plate with Superfect transfection reagent (Qiagen). 200 ng pGL3-SV40/6HRE or pG13-Luc were co-transfected with 100 ng control vector pRL-SV40 (Promega) and 1 g expression or null vector (pCMVmyc, Clontech BD Bioscience). Thereafter, the transfection mix was replaced by fresh culture medium. 5 hours post-transfection, cells were incubated under normoxia or hypoxia for 16 hours. Luciferase activity measurements were performed in a luminometer using the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.
siRNA treatment of Cells
HepG2 cells were seeded at 60% confluence onto 24-well plate the day before transfection. CK2␣ siRNAs were synthesised (5Ј-GUCACGGCUUACUGCAAGA-3Ј, Eurogentec). The negative control siRNA oligonucleotide was a unique sequence and did not correspond to any known gene in the human genome database (negative siRNA control, Eurogentec). For transfections, siRNAs were diluted with OptiMEM (Invitrogen), incubated with Xtreme Transfection Reagent (Roche) according to the manufacturer's protocol and diluted to a final concentration of 100 nM. The cells were incubated with siRNA complexes for 5 hours, whereupon the medium was replaced. Analyses were performed 48 hours post-transfection.
Extraction of RNA and cDNA synthesis Preparation of total RNA was performed using RNAgent kit (Promega) according to the manufacturer's instructions. mRNAs were then retrotranscribed into cDNA using oligodT primers and Superscript II reverse transcriptase kit (Invitrogen) according to the manufacturer's instructions.
Real-time PCR analysis
The levels of p21 or aldolase transcripts were determined by real-time reverse transcriptase (RT)-PCR using SYBR Green (Invitrogen). To normalize for input load of cDNA between samples, human ␣-tubulin was used as an endogenous standard. Specific primers were used: p21 forward, 5Ј-CTGGAGACTCTCAGGG-TCGAA-3Ј and p21 reverse, 5Ј-CCAGGACTGCAGGCTTCCT-3Ј; aldolase forward, 5Ј-GAATTGGATGAAAGATAAAGCCCTTA-3Ј and aldolase reverse, 5Ј-TTGCCAGACCATCCGTACTG-3Ј; ␣-tubulin forward, 5Ј-CCCGAGGGCA-CTACACCT-3Ј and ␣-tubulin reverse, 5Ј-CAGGGAGGTGAACCCAGAAC-3Ј. cDNA was added to SYBR Green Master Mix PCR (300 nM of each specific primer). PCRs were performed in a total volume of 25 l in a real-time PCR cycler (ABI PRISM 7700 Sequence Detector, PE Applied Biosystems). Thermal cycling conditions were: initial incubation of 10 minutes at 95°C, followed by 40 cycles of 30 seconds at 95°C, 1 minute at 57°C annealing temperature, and 30 seconds at 72°C. All cDNA samples were tested in duplicate and analysed with ABI Prism Sequence Detection Software v.1.7 (PE Applied Biosystems). Samples were compared using the relative Ct method. The Ct value, which is inversely proportional to the initial template copy number, is the calculated cycle number where the fluorescence signal is significantly above background levels. Fold induction or repression was measured relative to controls and calculated after adjusting for ␣-tubulin using 2
- [⌬⌬Ct] , where ⌬Ct = Ct tested gene -Ct ␣-tubulin and ⌬⌬Ct = ⌬Ct control -⌬Ct treatment (Winer et al., 1999) .
Statistical analysis
Statistical analyses were performed using Student's t test. For each set of data, real triplicates were performed in one experiment.
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